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ABSTRACT 

The  behaviour  of  a  SiC-fibre-reinforced  composite  with  a  graded  matrix  was  investigated  in  an  arc 
jet  facility.  The  graded  matrix  was  comprised  of  several  layers  of  silicon  carbide  that  transition  to  a 
mixed  SiC-HfB2  top  layer  and  was  sealed  with  an  HfB2-SiC  coating.  Samples  were  exposed  to 
maximum  specific  total  enthalpy  hypersonic  flow  between  14  and  17  MJ  kg-1  under  stagnation 
pressures  between  2700  and  3050  Pa  for  hold  times  of  between  137  and  395  s.  The  resulting 
sample  surface  temperatures  ranged  between  1600  and  1950°C.  Spectral  emissivity  at  about 
1  pm  was  calculated  using  a  pyrometer  capable  of  switching  between  one  and  two  color  modes 
and  was  shown  to  decrease  with  oxidation  and  removal  of  Si02  from  the  surface.  The  impacts  of 
the  surface  chemistry  changes  during  oxidation  and  of  active  oxidation  were  investigated. 
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Introduction 

Hypersonic  and  re-entry  vehicles  experience  high 
temperatures  due  to  the  aerodynamic  heating  of 
flight.  The  use  of  carbon  fibre- reinforced  C  matrices 
(Cf/C)  as  an  ablating  material  has  legacy  use  in  such 
systems.  To  improve  ablation  resistance  of  Cf/C,  coat¬ 
ings  or  infiltrations  of  SiC  [1-5],  MeC  (Me:  Zr,  Hf,  Ta, 
W,  etc.)  and  MeB2  UHTCs  have  been  utilised  and  have 
shown  improved  oxidation  and  ablation  resistance 
[1,6-10].  Formation  of  Si02,  through  passive  oxidation 
of  the  SiC,  extends  the  use  range  to  around  1650°C, 
where  the  in  situ  formed  glass  layer  begins  to  soften 
and  can  flow  from  the  surface  under  shear.  Oxidation 
of  subsequent  layers  can  replace  the  lost  Si02  layer, 
until  the  material  is  exposed  to  conditions  that  pro¬ 
mote  the  active  oxidation  of  SiC  as  SiO  gas,  where  no 
protective  Si02  can  form  and  catastrophic  oxidation 
occurs.  Active  oxidation  occurs  when  there  is  a  low  par¬ 
tial  pressure  of  oxygen,  low  static  pressures  and  high 
temperatures  [11-14].  Clear  passive  to  active  boundaries, 
such  as  temperature  and  oxygen  partial  pressure,  are 
difficult  to  define  and  depend  on  various  factors  such 
as  gas  mixtures  and  types;  degree  of  dissociation  of  the 
gas;  total  pressure  conditions;  and  the  exact  structure 
and  composition  of  the  surface.  The  determination  of 
passive  and  active  oxidation  boundaries  is  complicated 
by  the  ever-changing  properties  (emissivity,  thermal  con¬ 
ductivity  and  catalytic  efficiency)  of  the  material  surface 
during  high  temperature  exposure  that  can  also  cause 


changes  in  the  real  or  perceived  surface  temperature  of 
the  material.  MeC  and  MeB2  can  be  used  to  improve  oxi¬ 
dation  resistance  beyond  1650°C,  as  high  as  3000°C, 
through  the  formation  of  a  dense  oxide  scale  at  high 
enough  temperatures  [15].  Oxidation  of  C  fibres  or 
matrices  can  occur  at  low  temperatures  or  in  temperature 
regimes  where  the  protective  Si02  begins  to  fail,  but 
before  the  MexOy  can  become  fully  protective;  therefore, 
CMCs  may  be  prepared  with  SiC  fibres  and  SiC  matrices 
(SiCf/SiC)  that  provide  inherent  oxidation  resistance  up 
to  1650°C,  particularly  in  long-life  applications. 

This  paper  will  address  the  temperatures  regimes 
1500°-2000°C,  a  challenging  condition  for  current  gen¬ 
eration  SiCf/SiC,  and  which  has  been  previously  inves¬ 
tigated  using  laser  heating  [16],  in  order  to  determine 
the  capability  of  a  UHTC  protective  coating.  Discus¬ 
sion  covers  analysis  of  the  arc  jet  facility  conditions 
and  an  analysis  of  the  material  response  including 
emissivity  changes  and  structural  changes. 

Experimental  procedure 
Material  manufacturing 

The  sample  coupons  were  made  using  polymer  infiltra¬ 
tion  and  pyrolysis  (PIP)  processing  techniques.  BN/SiC 
coated  (BN  and  then  SiC,  applied  by  CVI  Rolls-Royce 
High  Temperature  Composites,  Inc.,  Huntington 
Beach,  CA)  8  harness  satin  woven  (T.E.A.M.,  Inc., 
Woonsocket,  RI)  Hi-Nicalon™  Type  S  fabrics  (COI 
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Ceramics,  Inc.,  San  Diego,  CA)  were  cut  into  approxi¬ 
mately  30  x  30  cm  squares.  One  of  these  squares  was 
infiltrated  with  polycarbosilane  (StarPCS™  SMP-10; 
Starfire  Systems,  Inc.,  Schenectady,  NY)  loaded  with 
30  vol.-%  SiC  powder  (<1  pm,  99.9%;  Materion 
Advanced  Chemicals,  Milwaukee,  WI).  The  second 
square  was  infiltrated  with  a  slurry  of  SMP-10  and  30 
vol.-%  HfB2  powder  (-325  mesh,  99.5%;  Materion). 
Infiltration  of  the  cloth  was  done  according  to  the  pro¬ 
cedure  described  elsewhere  [17]. 

To  form  plates,  the  fabric  was  cut  into  approxi¬ 
mately  10  cm  x  10  cm  squares  and  stacked  in  a 
balanced  0/90  orientation  such  that  five  layers  of  SiC- 
filled  fabric  were  below  a  single  outer  fabric  ply  filled 
with  SiC/HfB2.  A  HfB2/SiC  coating  with  a  calculated 
30  vol.-%  HfB2  after  pyrolysis  (assuming  the  supplier 
reported  65%  ceramic  yield)  was  applied  on  top  of 
the  SiC-HfB2  filled  ply  by  utilising  a  polycarbosilane 
(StarPCS1M  SMP-730;  Starfire  Systems,  Inc.,  Schenec¬ 
tady,  NY)  -  HfB2-toluene  mixture  that  had  been  cast 
into  thin  sheets  and  dried  [18]. 

Layups  were  placed  in  a  vacuum  bag  and  heated  at  a 
rate  of  1°C  min-1  in  an  autoclave  (EC-2X4- 
200P800F2S2P4T;  ASC  Process  Systems,  Chatsworth, 
CA).  An  external  pressure  of  ~690  kPa  (100  psi)  was 
applied  to  the  outside  of  the  bag  when  the  temperature 
reached  80°C.  Heating  continued  at  a  rate  of  0.75° 
C  min-1  to  250°C  where  the  layups  were  isothermally 
held  for  60  min. 

After  autoclave  consolidation,  laminates  were  pyro- 
lysed  by  heating  at  a  rate  of  5°C  min-1  to  a  temperature 
of  1300°C  and  held  for  60  min,  under  a  flowing 
argon  atmosphere,  in  a  graphite  element  furnace 
(F  14X14X14  GG  2500  VM  G;  Materials  Research  Fur¬ 
naces,  Inc.,  Allenstown,  NH).  The  pyrolysed  composites 
were  vacuum  re- infiltrated  with  neat  SMP-10.  Re-infil¬ 
trated  specimens  were  heated  in  a  vacuum  oven  (DZF- 
6050-HT/500;  MTI  Corporation,  Richmond,  CA)  at  a 
rate  of  1°C  min-1  to  a  temperature  of  400°C  and  held 
for  1 20  min  to  cure  the  HT  SMP- 1 0  before  the  next  pyrol¬ 
ysis  cycle.  A  total  of  six  re-infiltrations  were  performed. 
After  the  final  re-infiltration,  the  plate  was  cut  into 
18  mm  diameter  disks,  with  a  diamond  loaded  core 
drill.  The  disks  were  inserted  in  a  graphite  sample  holder 
for  arc  jet  testing  with  an  overall  diameter  of  25  mm.  Flat 
faced  specimens  with  this  size  are  equivalent  to  hemi¬ 
spheres  of  100  mm  in  diameter;  the  same  as  the  Ghibli 
facility  probe  size,  and  can  be  used  in  calculations  in 
terms  of  expected  cold  wall,  fully  catalytic  heat  fluxes  [19]. 

Experimental  test  conditions 

The  arc  jet  testing  was  conducted  using  the  Ghibli  facility 
available  at  the  Centro  Italiano  Ricerche  Aerospaziali 
(Italian  Aerospace  Research  Institute).  Ghibli  is  a  hyper¬ 
sonic  high  enthalpy  arc  heated  facility  [20]  for  the  devel¬ 
opment  of  experiments  on  subscale  models.  It  is 


particularly  well  suited  for  thermal  protection  systems 
(TPS)  material  samples  characterisation.  The  hot  flow 
was  generated  in  a  2  MW  segmented  arc  heater  [21]. 
During  each  test,  the  arc  jet  was  ignited  and  the  amperage 
and  gas  flow  rates  were  set.  All  the  tests  were  executed 
with  a  mixture  of  air  and  argon  in  a  mass  flow  mixture 
ratio  of  3:1.  Once  the  hypersonic  plasma  jet  was  well 
established,  a  probe  was  inserted  and  the  test  conditions 
were  quantified  in  terms  of  stagnation  cold  wall,  fully  cat¬ 
alytic  heat  flux  (copper  water  cooled  probe)  and  pressure 
using  methods  previously  reported  [22]. 

The  conditions  measured  for  each  run  are  given  in 
Table  1.  From  the  measured  data,  it  was  possible  to 
evaluate  the  stagnation  line  specific  total  enthalpy  by 
means  of  the  Zoby  formula  [23].  The  fully  catalytic 
(FC)  heat  flux  was  obtained  from  the  probe  measure¬ 
ments,  but  it  was  only  the  upper  boundary  of  possible 
heat  flux  on  specimens  when  considering  catalytic  prop¬ 
erties  of  materials.  In  fact,  UHTCs  typically  exhibit  very 
low  catalytic  properties  and  for  this  reason,  it  was  inter¬ 
esting  to  evaluate  also  the  non-catalytic  (NC)  heat  flux, 
as  the  lower  boundary  of  possible  heat  fluxes.  With  the 
assumptions  of  isentropic  flow  on  the  stagnation  line 
and  of  frozen  flow  in  the  nozzle  throat,  the  composition 
of  mixtures  on  the  stagnation  line  was  computed  using 
the  chemical  equilibrium  before  the  nozzle  throat.  Once 
the  chemical  composition  of  the  flow  was  known,  the 
energy  potentially  available  upon  recombination  was 
computed  and  the  non-catalytic  cold  wall  heat  flux 
was  estimated  as  reported  in  Table  2. 

After  reading  test  parameters,  the  probe  was  moved 
out  of  the  plasma  and  the  sample  was  inserted  such  that 
its  stagnation  point  was  at  the  same  axial  position  as 
the  probe.  The  temperature  of  the  sample  was  recorded 
using  two  2-color  pyrometers  whose  characteristics  are 
given  in  Table  3.  Spectral  emissivity  at  about  1  pm  for 

Table  1.  Arc  jet  conditions:  measured  data. 

Disk  Total  pressure  Cold  wall  FC  heat  flux  Stag,  pressure 
ID  (bar)  (MW/m2)  (Pa) 


1 

1.11 

1.73 

3030 

II 

1.10 

1.36 

2670 

III 

1.17 

1.70 

2870 

IV 

1.17 

1.52 

2730 

Table  2.  Arc  jet  conditions:  derived  data. 

Disk  Specific  total  enthalpy  at  s.l.  Cold  wall  NC  heat  flux 

ID  (MJ  kg-1)  (MW  m~2) 


1 

16.7 

0.79 

II 

14.0 

0.69 

III 

16.8 

0.78 

IV 

15,4 

0.73 

Table  3.  Pyrometer  details. 

Pyrometer  ID 

Manufacturer  Model 

Range  (°C) 

Wavelength  (pm) 

P800 

IMPAC  ISQ5 

800-2500 

0.7-1.15 

Ml  000 

MIKRON  M77S 

1000-3000 

<2 
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the  selected  angle  of  view  (~60°)  was  determined  by 
utilising  the  P800  pyrometer  in  both  dual-color  (DC) 
and  single-color  (SC)  mode.  After  the  exposure,  the 
plasma  was  extinguished  and  the  sample  was  left  in 
vacuum  in  order  to  monitor  its  temperature  via  pyrom¬ 
eters  during  the  radiative  cooling  phase  before  the  test 
chamber  was  re-pressurised  and  opened. 

Cross  sections  of  the  as-prepared  and  post-test 
samples  were  examined  using  scanning  electron 


Figure  1.  (a)  Overview  of  the  as  processed  SiC/SiC-HfB2  com¬ 
posite.  (b)  Magnified  image  of  the  surface  showing  the  HfB2- 
SiC  and  SiC  phases  in  the  matrix. 


microscopy  (SEM,  Quanta  FEG  650;  FEI  Company, 
Hillsboro,  OR)  and  electron  dispersive  X-ray  spec¬ 
troscopy  (EDS,  Pegasus  4000,  ED  AX,  Mahwah,  NJ). 

Results  and  discussion 

The  location  of  the  HfB2-SiC  coating  and  the  HfB2- 
loaded  top  layer  was  near  the  surface  of  the  plate 
(Figure  1).  The  HfB2  was  the  light  phase  in  the  second¬ 
ary  electron  image.  The  HfB2  coating  was  not  continu¬ 
ous,  having  cracked  during  the  first  pyrolysis  of  the 
composite;  the  cracks  were  subsequently  infiltrated 
with  neat  SMP-10  during  the  re- infiltration  cycles.  It 
should  be  noted  that  at  the  1300°C  pyrolysis  tempera¬ 
ture,  polymer-derived  SiC  that  formed  at  the  surface 
was  expected  to  be  nano -crystalline  and  composition- 
ally  close  to  SiC;  however,  a  polymer-derived  SiC 
typically  contains  some  carbon  and  oxygen  impurities 
[24,25].  For  the  remainder  of  the  discussion,  the 
derived  ceramic  will  be  referred  to  as  SiC  for  simplicity. 

Figure  2  shows  the  surface  temperatures  measured 
during  the  tests  along  with  optical  images  of  the 
samples  post-test.  The  initial  temperature  rise  was  cap¬ 
tured,  a  quasi- steady  state  condition  was  achieved  and 
the  radiative  cooling  phase  occurred  after  plasma  shut¬ 
down.  The  maximum  temperature  achieved  for  Disk  I 
was  nominally  1600°C.  The  two  pyrometers  were 
observed  to  track  with  each  other.  Assuming  an  emis- 
sivity  of  0.85  (with  the  strong  hypothesis  that  global 
emissivity  was  equal  to  spectral  emissivity  at  1  pm)  as 
reported  in  Figure  3,  the  radiative  equilibrium  heat 
flux  was  0.59  MW  m-2  corresponding  to  a  cold  wall 
heat  flux  of  0.79  MW  m-2  in  line  with  the  observation 
that  metallic  diborides  exhibit  very  low  catalytic  behav¬ 
iour  [23,26,27].  There  was  minimal  oxidation  of  the 
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Figure  2.  Temperature  versus  time  plot  for  the  four  tested  samples.  The  solid  lines  are  the  P800  pyrometer  and  the  dotted  lines  of 
the  corresponding  color  are  the  Ml 000  pyrometer  readings.  The  locations  marked  SC  are  where  the  P800  was  switched  form  dual¬ 
colour  to  single-color  mode.  The  inset  images  show  the  surface  of  the  samples  after  arc  jet  exposure  for  each  disk. 
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Figure  3.  Calculated  spectral  emissivity  at  about  1  pm  for  the 
considered  angle  of  view  (60°)  versus  temperature  measured 
for  Disk  I,  Disk  II  and  Disk  IV.  No  measurements  were  taken 
on  Disk  III. 
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sample  surface  (Disk  I,  Figure  2  inset).  Disk  II  (Figure 
2)  was  tested  at  a  slightly  lower  heat  flux  than  Disk  I, 
but  the  hold  time  was  increased  from  137  to  395  s. 
At  the  start  of  the  hold,  the  two  pyrometer  readings 
were  similar,  but  above  1500°C,  at  about  150  s  after 
sample  insertion,  a  departure  of  the  temperature  read¬ 
ings  was  observed.  The  difference  in  the  readings 
increased  until  the  plasma  shut-off.  The  surface  of 
the  sample  was  whiter,  indicating  increased  oxidation 
compared  to  Disk  I,  likely  due  to  the  longer  exposure 
time.  A  section  of  the  oxide  scale  near  the  lower  right 
edge  of  Disk  II  was  lost  during  the  removal  of  the 
sample  from  the  sample  holder;  the  remaining  oxide 
scale  was  adherent.  Crack  like  features  in  the  scale 
were  apparent  on  the  surface  of  Disk  II  (Figure  2); 


however,  it  will  be  shown  in  the  cross-sectional  SEM 
analysis  that  these  regions  correspond  to  inhomo¬ 
geneous  SiC  regions  that  were  present  in  the  as  pro¬ 
cessed  sample,  an  effect  of  volume  shrinkage  during 
pre-ceramic  polymer  pyrolysis,  rather  than  a  result  of 
phase  changes  of  Si02  or  Hf02  in  the  oxide  scale  or 
CTE  mismatch  between  oxide  scale  and  substrate. 

Disk  III  was  exposed  exactly  at  the  same  heat  fluxes 
and  duration  as  Disk  I  and,  in  fact,  the  temperature  ver¬ 
sus  time  profile  and  resulting  oxide  scale  of  Disk  III  was 
visually  similar  to  that  of  Disk  I.  Disk  IV  (Figure  2)  was 
exposed  to  an  intermediate  heat  flux  level  but  for  longer 
duration  than  Disks  I  and  III.  Around  1600°C,  at  the 
150  s  mark,  the  pyrometers  began  reading  different 
temperatures,  as  was  the  case  for  Disk  II.  Around  the 
260  s  mark  (1740°C),  a  dramatic  rise  in  heating  rate 
was  observed  for  Disk  IV.  In  fact,  Disks  I,  Disk  III  and 
Disk  IV  all  reached  1600°C  after  150  s  exposure,  but 
the  longer  exposure  of  Disk  IV  caused  incipient  oxi¬ 
dation  with  emissivity  reduction  and  a  temperature 
that  increased  up  to  where  the  passive  to  active  oxi¬ 
dation  transition  of  SiC  can  occur. 

For  the  samples  with  thicker  oxide  scales  (Disk  II 
and  IV),  the  pyrometers  readings  diverged.  The  lighter 
colour  of  the  oxide  would  induce  a  decrease  in  emissiv¬ 
ity  which  may  account  for  the  difference  in  the  pyrom¬ 
eter  readings.  Operating  the  pyrometers  in  DC  mode 
should  negate  the  impact  of  an  emissivity  change;  how¬ 
ever,  this  is  based  on  the  assumption  that  the  emissivity 
of  the  material  was  the  same  at  the  different 


Figure  4.  (a)  Secondary  electron  image  of  the  surface  of  Disk  II  after  arc  jet  exposure.  From  the  EDS  maps  for  (b)  Hf,  (c)  0  and  (d)  Si, 
it  is  shown  that  there  is  a  thin  Si02-Hf02  layer  at  the  surface  which  is  shown  for  Disk  III  in  (e).  The  oxide  scale  is  less  than  10  pm  and 
consists  of  Si02  (dark  phase)  and  Hf02  (light  phase). 
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Figure  5.  (a)  Overview  of  the  oxide  scale  formed  on  Disk  IV 
after  arc  jet  exposure.  The  oxide  scale  forms  three  distinct 
layers  1:  porous  Hf02;  2:  SiC-depleted  HfB2  and  3:  HfB2-SiC. 
(b)  Surface  of  the  oxide  scale,  (c)  Magnified  image  of  the 
three  layers.  Si02  is  not  found  at  the  surface  in  (a),  but  can 
be  found  in  some  instances  as  shown  in  (d). 


wavelengths  detected  by  the  pyrometer.  The  fact  that 
the  P800  and  Ml 000  pyrometers  use  different  wave¬ 
lengths  may  explain  the  difference  in  temperature  read¬ 
ings  for  Disk  II  and  IV,  potentially  revealing  the  onset 
of  significant  low  emissivity  Hf02  formation.  The 
locations  marked  SC  in  the  temperature  versus  time 
plot  (Figure  2)  are  where  the  P800  pyrometer  was 
switched  from  dual-color  to  single-color  mode  and 
back  for  spectral  emissivity  evaluation.  The  calculation 
of  emissivity  from  a  comparison  of  single-color  and 
dual-color  modes  was  described  by  Monteverde  et  al. 
[26].  The  experimental  value  of  emissivity  obtained 
in  this  way  (Figure  3)  was  the  spectral  emissivity 
value  at  the  pyrometer  single- color  mode  wavelength 
of  0.7  pm  for  the  P800  angle  of  view.  It  was  found 
that  Disk  I  had  a  calculated  emissivity  value  between 
0.85  and  0.90  when  measured  between  1550  and 
1600°C  which  is  consistent  with  literature  values  for 
MeB2-SiC  [27].  Disk  II  initially  started  off  with  a 


similar  calculated  emissivity  value  between  1500  and 
1550°C,  but  with  rising  temperature  fell  to  around 
0.80.  This  was  expected,  where  in  the  insets  in  Figure 
2,  the  surface  of  Disk  II  was  shown  to  be  lighter  in  col¬ 
our  than  that  of  Disk  I,  due  to  the  formation  of  a  con¬ 
tinuous  Hf02-Si02  film,  where  even  a  thin  Me02  film 
can  lower  the  emissivity  [28,29].  Disk  IV  also  begins 
with  an  emissivity  between  0.85  and  0.90  at  1600°C, 
but  then  rapidly  falls  off  with  temperature  for  an  emis¬ 
sivity  of  near  0.75  calculated  around  1750°C.  For  com¬ 
parison,  emissivity  values  were  measured  at  nominally 
the  same  temperature  (~1590°C)  for  Disks  I,  II  and  IV. 
The  average  of  the  values  for  Disk  I,  Disk  II  and  Disk 
IV  was  0.90,  0.82  and  0.87  respectively.  The  lower 
value  for  Disk  II  would  indicate  that  even  though  the 
samples  were  at  the  same  temperature,  Disk  II  had 
been  at  the  test  conditions  a  longer  time  (~200  s  versus 
~120  s),  and  Disk  II  had  more  oxide  coverage  than 
Disks  I  and  IV  when  emissivity  was  measured.  As 
observed  for  Disk  IV,  increased  oxidation  of  the  HfB2  to 
Hf02  led  to  decreased  emissivity;  the  lower  emissivity 
caused  surface  temperatures  to  rise,  due  to  an  inability 
to  reject  heat  by  radiation.  Furthermore,  the  oxide  scale 
is  expected  to  be  less  thermally  conductive  than  HfB2- 
SiC  CMC,  which  would  limit  heat  transfer  through 
conduction  to  cooler  regions  of  the  sample  and  into 
the  sample  holder  and  thus  surface  temperature  was 
increased.  At  high  enough  temperatures  (above  1600° 
C),  removal  of  Si02  by  ablation  due  to  its  low  viscosity 
also  lowers  emissivity  and  contributes  to  the  escalating 
temperature  rise  seen  in  Figure  2. 

Examples  of  the  oxide  scales  in  Disk  II  and  Disk  III 
are  shown  in  Figure  4.  The  outer  oxidation  layer  con¬ 
sisted  of  Hf02-Si02  covering  the  HfB2-SiC  coating, 
and  Si02  covering  the  SiC-rich  regions  in  the  coating. 
The  phases  were  confirmed  by  EDS  and  visualised  by 
a  composition  map.  The  composition  maps  (Figure  4 
(a-d))  for  Disk  II  are  shown  as  an  example  while  the 
micrograph  (Figure  4(e))  of  the  oxide  scale  is  from 
Disk  III.  Disks  I,  II  and  III  had  similar  morphologies 
and  scale  thicknesses.  In  Disk  II,  the  sample  exposed 
for  the  longest  time,  oxidation  of  the  SiC-rich  region 
that  was  created  by  the  shrinkage  cracks  of  the  initial 
processing  and  subsequent  re-infiltrations,  led  to  oxy¬ 
gen  penetration  to  the  fibres  embedded  in  this  region 
that  had  lost  defined  edges;  a  sign  of  oxidation  damage. 
Fibres  embedded  in  the  HfB2-SiC  coating  appeared 
unaffected. 

The  oxidation  scale  in  Disk  IV  (Figure  5)  was  com¬ 
prised  of  a  layered  structure  across  the  surface  of  the 
sample.  The  outermost  layer  (Layer  1)  was  comprised 
of  either  porous  Hf02  or  of  Hf02  with  Si02  within 
the  pores  depending  on  the  location  in  the  sample. 
Loss  of  Si02  at  the  surface  could  be  due  to  ablation 
of  the  low  viscosity  Si02  flow  from  the  high  gas  flow 
of  the  arc  jet,  or  direct  formation  of  SiO  and  C02 
gases  from  SiC  [12].  Since  Si02  has  a  lower  catalytic 
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recombination  efficiency  compared  to  MeB2,  removal 
of  Si02  can  increase  surface  temperature  through 
enhanced  recombination  reaction  rates  [7,27,30,31]. 
Layer  2  is  a  SiC-depleted  layer  of  HfB2,  and  Layer  3  is 
the  underlying,  non-oxidised  HfB2-SiC  coating  and 
matrix.  Due  to  the  open  pathway  created  by  the  active 
oxidation  of  SiC,  the  interior  of  the  CMC  was  impacted 
by  the  arc  jet  exposure.  Loss  of  fibres  and  SiC 
matrix  material  was  noted,  along  with  oxygen  ingress 
(Figure  6)  underneath  regions  formerly  filled  with  SiC. 
The  fibres  in  Layer  3  (HfB2-SiC),  beneath  the  oxide 
scale  (Layers  1  and  2),  were  protected  by  the  coating. 
The  layered  structure  was  similar  to  results  seen  in  arc 
jet  testing  of  hot  pressed,  bulk,  HfB2-SiC  samples, 
where  temperatures  exceeded  the  SiC  passive  to  active 
oxidation  transition  [12].  The  increased  mass  loss  due 
to  SiC  active  oxidation  was  confirmed  by  weighing  the 
samples  before  and  after  testing.  The  mass  loss  for 
Disk  IV  after  arc  jet  exposure  was  5.9%  (89  mg),  com¬ 
pared  to  only  0.04%,  1.5%  and  0.6%  mass  losses  for 
Disks  I,  Disk  II  and  Disk  III,  respectively. 

Comparing  Disk  III  and  Disk  IV  illustrates  the  impact 
of  time  and  slow  temperature  increases  on  the  transition 
to  active  oxidation.  Although  Disk  IV  was  exposed  to  a 
lower  heat  flux,  its  longer  exposure  time  allowed  for  a 
sufficient  length  of  time  for  the  sample  to  experience  a 
jump  in  temperature  rise  rate.  This  temperature  increase 
and  its  rate  can  be  influenced  by  many  factors  including; 
emissivity  change  due  to  oxidation,  surface  catalytic 
efficiency  and  a  decrease  in  sample  surface  thermal  con¬ 
ductivity.  However,  it  was  noted  that  the  fibres  and 


matrix  protected  by  the  HfB2-SiC  coating  did  not  show 
signs  of  oxidation  or  any  damage  from  the  arc  jet 
exposure.  This  suggested  that  if  a  continuous  coating 
were  to  be  applied  by  a  modified  processing  method, 
the  composite  would  experience  minimum  oxidation 
damage  from  the  ~1900°C  exposure. 

Summary 

SiC/SiC-HfB2  CMC  plates  were  prepared  with  an 
HfB2-SiC  coating.  Flat  disks  of  the  CMC  were  exposed 
to  arc  jet  testing  at  different  specific  total  enthalpies, 
from  14  to  17  MJ  kg-1  and  at  pressures  near  3000  Pa. 
Oxidation  of  the  sample  surface  was  dependent  on 
the  total  enthalpy;  however,  the  time  of  exposure  also 
played  a  significant  role.  Maximum  surface  tempera¬ 
tures  were  recorded  between  1600  and  1940°C.  It  was 
noted  that  factors  such  as  the  changing  sample  emissiv¬ 
ity,  due  to  oxidation  of  HfB2  and  loss  of  Si02  from  the 
surface,  coupled  with  the  active  oxidation  of  SiC  and 
changes  in  the  catalytic  efficiency  of  the  surface  led  to 
different  temperature  readings  and  impacted  the 
material  response.  The  HfB2-SiC  coating  proved  to  be 
effective  at  protecting  the  underlying  composite  up  to 
the  highest  surface  temperatures  investigated.  How¬ 
ever,  an  oxygen  ingress  path  resulted  from  SiC-rich 
regions  in  the  coating  that  were  formed  during  sample 
fabrication.  A  refinement  of  the  coating  process  to  fill 
voids  left  after  the  initial  coating  application  with 
HfB2-SiC  should  improve  the  oxidation  resistance  of 
similar  CMCs. 


Figure  6.  EDS  map  showing  the  removal  of  Si02  in  the  outer  layer  and  depletion  of  SiC  from  layer  2.  Oxygen  signal  is  associated 
with  Hf02. 
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